Introduction {#s1}
============

Type 1 diabetes (T1D) is an organ-specific autoimmune disease in which pancreatic β-cells are selectively destroyed. The precise events that initiate disease remain unknown, but the most current evidence indicates that antibodies that recognize either insulin or glutamic acid decarboxylase (GAD65) are the earliest evidence of loss of self-tolerance ([@B1],[@B2]). Disease progression is characterized by an accumulation of autoantibodies against additional β-cell antigens ([@B3]) and the activation of autoreactive T cells, which have been shown to infiltrate pancreatic islets ([@B4],[@B5]). The genetic risk factors associated with autoimmune diabetes share significant overlap with other organ-specific autoimmune diseases, implying common disease mechanisms and pathways. Among these, genetic predisposition is most strongly associated with susceptible HLA class II haplotypes ([@B6]). The most likely contribution of HLA class II proteins to disease is through selection of a potentially autoreactive CD4^+^ T-cell repertoire ([@B7]). T-cell responses, in turn, provide help to autoreactive B cells and facilitate affinity maturation of antibodies that recognize β-cell antigens. It has been clearly shown that autoantibodies and autoreactive T cells recognize multiple β-cell antigens ([@B8]). However, important questions remain about the events that lead to the loss of B- and T-cell tolerance and the inadequacy of regulatory mechanisms to restrain β-cell--specific responses. Although the timing of such responses remains unclear, mounting evidence implicates the formation of neoepitopes as a relevant means of disrupting β-cell tolerance. In this article, we discuss diverse processes that can generate neoepitopes, their recognition by autoantibodies and T cells, environmental factors and pathways that promote their formation, and evidence for their role in the pathogenesis of T1D.

Posttranslational Processes Generate Neoepitopes {#s2}
================================================

Human proteins are translated from mRNA into polypeptides composed of 20 standard amino acids. Several of these standard amino acids can be posttranslationally modified by enzymatic processes, many of which are part of normal physiology, or can be altered through spontaneous (nonenzymatic) biochemical reactions ([@B9]). Far more than half of all self-proteins (as many as 90%) bear one or more posttranslational modification (PTM) ([@B9]). These modifications lead to more than 140 unique amino acid structures that in some cases are essential for their biological functions and may be required to establish immune tolerance during positive and negative selection and in the periphery. In some cases, PTMs occur through abnormal processes that can alter protein function or recognition by the immune system. Tissue-specific PTMs that arise as a consequence of inflammation or reactive oxygen species (ROS) are unlikely to be well represented in the thymus, bone marrow, or healthy tissue ([@B9]). Consequently, PTM represents a likely means of undermining self-tolerance. However, due to a lack of data regarding modified amino acids, available algorithms that predict peptide/protein binding to immune receptors (HLA, T-cell receptor, or B-cell receptor) are not ideally suited to assess the impact of PTMs. Furthermore, peptides with specific PTM residues cannot be readily synthesized in some cases. Therefore, ongoing studies will be necessary to identify the characteristics of neoantigens in disease-relevant tissue, to elucidate the mechanisms of their development, and to assess their recognition by immune cells.

Enzymatic Posttranslational Processes {#s3}
=====================================

Enzymatic posttranslational processes that have been implicated in neoepitope generation include acetylation ([@B10]), citrullination ([@B11]), glycosylation ([@B12]), hydroxylation ([@B13]), methylation (either protein or DNA methylation) ([@B14]), phosphorylation ([@B15]), and transglutamination ([@B16]). Among these, citrullination and transglutamination are most clearly implicated as processes that generate neoantigens in human disease, but evidence suggests that others also play a role in neoepitope formation ([Table 1](#T1){ref-type="table"}).

###### 

Neoepitope mechanisms implicated in T1D

  Modification           Mediator                            Relevant antigens         References
  ---------------------- ----------------------------------- ------------------------- -----------------
  Citrullination         PAD enzymes                         GRP78 GAD65 IAPP          ([@B20],[@B21])
  Deamidation            TTG2 enzyme Spontaneous             Proinsulin IA-2 ZnT8      ([@B22],[@B24])
  Oxidation              ROS                                 Insulin                   ([@B26],[@B46])
  Carbonylation          ROS                                 Serca2a P4Hb              ([@B27])
  Peptide fusion         Unknown                             Insulin + free peptides   ([@B34])
  Alternative splicing   Cytokines Tissue-specific effects   IGRP                      ([@B41])
  DRiP                   Unknown                             Insulin                   ([@B23])

Citrullinated Autoantigens {#s4}
--------------------------

Citrulline, which is among the most studied PTMs in the context of autoimmunity, is a diagnostic biomarker of rheumatoid arthritis (RA). Citrulline modification results from the deimination of arginine residues by peptidylarginine deiminase (PAD). The family of PAD enzymes is upregulated during inflammation and activated by influx of Ca^2+^ ions ([@B17]). Anticitrulline antibodies are among the earliest immune responses that are diagnostic of RA and often correlate with disease severity ([@B18]). We have recently documented the biological consequences of citrulline modifications and autoimmunity that arise from pancreatic β-cell proteins in the development of T1D ([@B19]). In particular, citrullinated GAD65 and glucose-regulated protein (GRP78) elicit antibody and T-cell responses in human T1D and in NOD diabetes, respectively ([@B20],[@B21]). The latter study also observed a dramatic upregulation of PAD2 in the pancreatic islets of NOD mice.

Deamidated Self-epitopes {#s5}
------------------------

We and others have demonstrated a role for protein deamidation by tissue transglutaminase (TTG) in eliciting autoimmune recognition of β-cell proteins. Specifically, deamidated insulin, GAD65, IA-2, ZnT8, and phogrin peptides are more efficiently presented on the surface of antigen-presenting cells (APCs) by disease-susceptible HLA-DQ proteins ([@B22]). Deamidated β-cell epitopes derived from these proteins are targeted by autoreactive T cells in human subjects with T1D ([@B23],[@B24]). Furthermore, TTG activity is amplified by ROS or cytokine stress imparted on the endoplasmic reticulum (ER) of β-cells, suggesting that formation of deamidated epitopes can occur within disease-relevant tissues ([@B25]).

Nonenzymatic Posttranslational Processes {#s6}
========================================

Several nonenzymatic processes have also been implicated in neoepitope generation, including oxidation ([@B26]), carbonylation ([@B27]), isoaspartic acid (isoAsp) formation ([@B28]), and carbamylation ([@B29]). Among these, oxidation and carbonylation are implicated as processes that generate neoantigens in T1D ([Table 1](#T1){ref-type="table"}). The first published neoepitope derived from a β-cell antigen was an oxidized proinsulin peptide ([@B26]). Protein carbonylation represents another major PTM product of ROS and/or inflammatory cytokine stress of β-cells. Increased levels of nonenzymatic PTMs, such as carbonylation, arise from defects in cellular antioxidant defenses by the increase of ROS synthesis or by the failure of catalases, peroxidases, or superoxide dismutase to remove or repair oxidized self-proteins ([@B30]).

Carbonyl Modifications {#s7}
----------------------

Carbonylation is an irreversible, iron-catalyzed oxidative modification of the side chains of lysine, arginine, threonine, or proline. Mitochondrial functions are particularly sensitive to carbonyl modification, which also has detrimental effects on other intracellular enzymatic pathways ([@B30]). A number of diseases have been linked with altered carbonylation of self-proteins, including Alzheimer and Parkinson diseases and cancer ([@B27]). There is some data to support that carbonyl PTM is a mechanism that directs unstable self-proteins into cellular degradation pathways. It is hypothesized that carbonyl PTM self-proteins that fail to be properly degraded in pancreatic β-cells are autoantigens that are targeted in T1D. Recently submitted studies have identified several carbonylated pancreatic β-cell neoantigens in human and murine models of T1D ([@B27]). Among these neoantigens are chaperone proteins that are required for the appropriate folding and secretion of insulin. These studies imply that although some PTM self-proteins may be direct targets of autoimmunity, others may alter, interrupt, or disturb downstream metabolic pathways in the β-cell. In particular, these studies indicated that upstream PTMs resulted in misfolding and/or metabolic disruption between proinsulin and insulin production, which provides one explanation for recent observations of increased proinsulin-to-insulin ratios in the progression of T1D ([@B31]).

IsoAsp Modifications {#s8}
--------------------

Another nonenzymatic, spontaneous PTM that has gained attention in the context of autoimmune diseases is the conversion of aspartic acid residues to isoAsp. IsoAsp PTM confers immunogenicity to self-peptides and proteins that normally do not elicit an immune response in their unmodified aspartic acid form ([@B28]). IsoAsp modification occurs most often through the spontaneous deamidation of Asn-Gly/Ser linkages or by the isomerization of Asp-Gly/Ser linkages. A great number of both intracellular and extracellular proteins are found with isoAsp PTMs. Notably, isoAsp formation is amplified in stressed or aged cells and often alters or destroys normal protein function ([@B32]). Inflammatory diseases processes, such as systemic lupus erythematosus (SLE), have several known isoaspartyl PTM autoantigens, including histones and snRNPs ([@B33]). Inflamed pancreatic islets have vastly elevated levels of intracellular isoAsp PTMs (M.-L. Yang and M.J.M., unpublished data).

Hybrid Peptide Autoantigens {#s9}
---------------------------

Peptide fusion is an additional posttranslational process that has been shown to generate neoepitopes through the combination of peptide fragments within β-cell secretory granules ([@B34]). Although the mechanisms that lead to the generation of such hybrid peptide fusion products remain unclear, the existence of hybrid insulin peptides has been verified through mass spectrometry. Furthermore, specific hybrid insulin sequences were demonstrated to be potent agonists for pathogenic T-cell clones isolated from the pancreatic infiltrates of NOD mice and were also recognized by CD4^+^ T cells isolated from the islets of individuals with T1D ([@B5]). Ongoing work seeks to clarify the role of responses to hybrid insulin peptides in human disease.

Additional Processes {#s10}
====================

Recent publications raise the possibility that neoepitope generation might also occur through processes that include epigenetics, RNA splicing, and protein translation. Current evidence that these mechanisms represent important drivers for neoepitope formation in T1D and other autoimmune diseases remains limited. However, we mention these areas as frontiers for ongoing research. Establishing the importance of immune responses to epitopes formed through these mechanisms has the potential to provide new options for developing biomarkers of disease that reflect distinct forms of tissue pathology.

DNA and Protein Methylation in T1D Autoimmunity {#s11}
-----------------------------------------------

Epigenetic changes in the transcription and translation of genes independent of DNA sequence occur as a consequence of specific DNA and protein modifications ([@B35]). Such epigenetic changes are mediated through small noncoding RNA transcripts by established pathways of DNA methylation and through histone acetylation/methylation leading to nucleosome remodeling. DNA and protein methylation are catalyzed by specific methyltransferases (DNA methyltransferases \[DNMTs\] and protein arginine methyltransferases, respectively), whose activity is significantly altered by inflammatory cytokines and tissue ROS. For example, the oxidation of DNA sequences is a prerequisite for methylation by ten-eleven translocations. Significant hypomethylation of DNA has been linked with several classic autoimmune diseases, such as SLE, multiple sclerosis, RA, Addison disease, Graves disease, and mixed connective tissue disease ([@B36]). Therefore, there is rationale to consider the possible influence of epigenetic changes on protein expression and immune recognition in T1D. Relevant to T1D, epigenetic modifications occur in pancreatic β-cells during progression of diabetes in NOD mice ([@B37]). In particular, cytokine inflammation (IL-1β, IL-6, and IFNγ) of the islets triggered increased DNMT3a-mediated methylation of exons in *Ins1* and *Ins2* genes. Consequently, DNMTs and protein arginine methyltransferases are likely to play a role in the regulation of β-cell differentiation and insulin gene expression, both of which are pathways that are altered in the presence of inflammatory cytokines.

Alternative Splicing Products {#s12}
-----------------------------

Eizirik et al. ([@B38]) reported that exposure of human islets to proinflammatory cytokines leads to modulation of transcript levels and increases in alternative splicing for a number of putative candidate genes for T1D. Their findings suggest a mechanism through which alternative splicing may lead to the generation of neoantigens and subsequent presentation of novel β-cell epitopes ([@B39]). As a specific example of this mechanism, isoforms of IGRP-lacking exons 2, 3, and 4 are present in the pancreas but are rarely detected in the thymus or spleen ([@B40]). These novel protein junctions were shown to be recognized by immune cells, illustrating that alternative splice variants can exhibit altered immunogenicity ([@B41]). In another important study, it was shown that an INS-IGF2 transcript (which contains the preproinsulin signal peptide, the B-chain, and eight amino acids of the C-peptide) is formed through alternative splicing, expressed in human islets, and recognized by antibodies from the sera of T1D patients, many of which cross-reacted with insulin ([@B42]). Given its sequence and apparent coregulation with insulin, this protein is thought to engender immune reactivity that targets the insulin signal peptide and C-peptide. Given these two examples, it seems plausible that tissue-specific splice variation could also give rise to unique antigenic determinants within other β-cell proteins.

Defective Ribosomal Initiation Products {#s13}
---------------------------------------

Translation of defective ribosomal initiation products (DRiPs) was recently reported as a possible source of neoepitopes in β-cells ([@B23]). Unconventional translational products originate from initiation complexes that assemble at non-AUG codons, resulting in polypeptides that represent alternative cryptic reading frames ([@B43]). Such DRiPs are rapidly degraded and presented by HLA molecules on the cell surface, eliciting potent cytotoxic responses, which can aid clearance of intracellular pathogens and tumor surveillance. In a similar fashion, aberrantly transcribed proteins from an out-of-frame alternative start codon within the proinsulin gene generate unique peptides that were shown to activate CD8^+^ T cells that had potent cytotoxic activity ([@B23]).

Antibody Recognition of Neoepitopes {#s14}
===================================

The phenomenon of neoepitope recognition by autoantibodies has been shown to be relevant in a variety of autoimmune diseases. For example, in RA, antibody responses directed against various citrullinated synovial proteins are remarkably disease-specific and routinely used as a diagnostic test in the clinic ([@B18]). Appearance of the first anticitrullinated protein antibodies occurs years prior to disease onset, and accumulation of additional autoantibody specificities correlates closely with the imminent onset of clinical arthritis ([@B44]). There is analogous evidence supporting a hierarchical emergence of autoantibody specificities and multiple waves of autoimmune damage in T1D ([@B3],[@B45]). Substantial data from longitudinal studies indicate that insulin and GAD65 autoantibodies appear at the earliest time points during progression, followed by additional antibody specificities directed at IA-2 and ZnT8. Emerging data also demonstrate the presence of autoantibodies that recognize modified forms of established β-cell antigens and additional self-proteins. For example, a recent study demonstrated that oxidative-PTM insulin autoantibodies are present in subjects at risk for T1D development, suggesting a possible early role for this PTM ([@B46]). This initial observation holds promise for the use of oxidative-PTM insulin autoantibodies as a predictive biomarker of disease progression. Recently, we showed that serum reactivity is present in T1D patients toward determinants within the extracellular domain (IA-2ec-PTM), including deamidated IA-2 epitopes. IA-2ec-PTM autoantibodies can be detected in a higher percentage of T1D patients as compared with serum reactivity against the native IA-2ec ([@B24]) (M.P., personal communication). However, these observations were in the context of established disease, suggesting an intermediate or late role for this PTM.

Multiple autoimmune diseases often cluster within families (or even within one person), implying shared etiology. Consequently, relevant insights can be gleaned from studies of more traditional autoantibody-mediated systemic autoimmune diseases, such as SLE and RA, where inter- and intramolecular epitope spreading are clearly paradigms for disease progression ([@B47]). In general, early autoimmunity is marked by restricted B- and T-cell epitopes, followed by an expanded repertoire coinciding with the onset of more significant tissue pathology, as demonstrated through the pioneering murine studies of Sercarz and colleagues ([@B48],[@B49]) and later validated in human disease. Notably, cryptic self-peptides that trigger autoimmunity are clearly generated by what we now have characterized as PTMs of intact self-proteins. Akin to T1D, other autoimmune syndromes tend to cluster to subcellular tissues or tissue components that share biological or biochemical properties. For example, SLE is marked by autoimmunity to nucleic acid--bearing macromolecules (snRNPs, histones, chromatin, dsDNA, Ro/SSA, La/SSB). Unlike tissue-specific autoimmunity in T1D, the origins of autoimmunity in SLE are more mysterious in that the autoantigens reside in every somatic cell. Although early B- and T-cell responses exhibit limited clonality, they evolve to include multiple determinants within the self-protein and to other related proteins in the tissue microenvironment, features that are only recently being appreciated in human T1D ([@B50],[@B51]). Unlike other systemic autoantibody-mediated diseases, such as RA and SLE, there is no clear evidence that T1D-related autoantibodies play a pathogenic role. Autoantibodies against citrulline-containing neoepitopes of proteoglycan are thought to trigger or intensify arthritis by forming immune complexes with this autoantigen in the joints of RA patients with anticitrullinated protein antibodies. In a similar manner, autoantibodies and immune complexes are hallmarks of tissue pathology in SLE. Therefore, it remains likely that autoantibodies or the B cells that produce them contribute to the pathogenesis of T1D.

PTMs in Antigen Processing and Presentation {#s15}
-------------------------------------------

PTMs of self-protein may also indirectly control autoantibody and T-cell autoimmunity via altered negative selection of the immune repertoire. It is clear that the accurate processing of self-proteins is the major factor for peptides that control negative selection. The specificity of intracellular processing enzymes, including cathepsins, is altered by the presence of PTM residues at or near cleavage motifs. These PTMs alter both the lengths and sequences of self-peptides generated, as well as the rate and concentrations in which they are made. Thus, PTMs not present at the time of T cell--negative selection may allow the escape of an autoimmune repertoire that will respond to neoantigens and/or cryptic peptides now present by the processing of PTM self-proteins. Many proteases do not recognize the peptide linkage between isoAsp residues and adjacent carboxyl side amino acids ([@B52]). Likewise, the spontaneous deamidation of asparagine residues prevents proteolytic processing by asparagine endopeptidase ([@B53]). Simply put, recognition and proteolytic cleavage of PTM self-proteins can generate a new repertoire of peptides during antigen presentation and the induction of immune tolerance. As noted earlier, the presence of specific PTMs within a processed peptide also may change its binding affinity to HLA.

Impact of APC Type on Antigen Processing and Presentation {#s16}
---------------------------------------------------------

Generation and presentation of self-peptides can be strongly influenced by the specific APC subsets in which self-protein is processed. For example, autophagy was required in B cells for the presentation of a citrullinated peptide ([@B54]). Our laboratory and others have demonstrated the unique APC functions of B cells in presenting antigen to T cells, including transfer of processed antigens by B cells to other APCs, including macrophages and dendritic cells. Thus, different APC subsets themselves may control the determinants generated and eventually presented by the immune system ([@B55]).

T-Cell Recognition of Neoepitopes {#s17}
=================================

As we have already discussed, multiple posttranscriptional and posttranslational processes can alter the primary sequence of self-proteins in ways that can promote immune recognition. Alteration of discrete amino acids has the potential to increase the affinity of HLA/peptide interactions by placing a favorable modified residue within a binding pocket or to modulate HLA/peptide--T-cell receptor interactions by positioning an altered residue in a T-cell contact position. Indeed, the influence of specific PTMs on the binding of antigenic peptides to autoimmune-associated HLA proteins is well documented. Conversion of glutamine by TTG2 into glutamate greatly enhances peptide binding to HLA-DQ8 and HLA-DQ2 ([@B16]). Likewise, conversion of arginine to citrulline by PAD enzymes enhances peptide binding to HLA-DR "shared epitope" alleles, such as HLA-DR0401.

Disease-Associated T-Cell Responses to β-Cell Neoepitopes {#s18}
---------------------------------------------------------

Early evidence that T cells specifically target PTM neoepitopes in T1D was described by Mannering et al. ([@B26]) in defining T cells specific to a vicinal disulfide bond region within the oxidized insulin A chain. Subsequent reports have described the enhanced recognition of neoepitopes by CD4^+^ T cells from patients with T1D ([@B20],[@B22]). Likewise, recent published work demonstrated that deamidated tyrosine phosphatase-related IA-2 peptides are naturally processed and presented on dendritic cells ([@B22]) and are recognized by T cells in the context of HLA-DQ8 ([@B24]). In these studies, T cells specific for neoepitopes were more frequent in patients with established T1D than in control subjects and exhibited a disease-associated Th1-like phenotype. Furthermore, for neoepitopes generated through PTMs, T cells generally discriminated between the native peptide and its modified counterpart. In summation, the existing literature demonstrates that oxidation, citrullination, and deamidation can have a direct impact on T-cell recognition that contributes to loss of tolerance.

Biochemical Pathways of Neoepitope Formation {#s19}
============================================

Published findings support a paradigm in which neoepitope formation is potentiated through inflammatory insults (including pathogens such as viruses and bacteria), irritants (including cigarette smoke), and biochemical stresses (including ER and oxidative stress) ([@B56]). These diverse processes initiate a cascade that culminates in autoimmune recognition of neoepitopes with the potential to drive additional inflammation, further neoepitope formation, and acceleration of autoimmunity ([Fig. 1](#F1){ref-type="fig"}). As an example, published evidence establishes a clear link between the extrusion of neutrophil extracellular traps, which occurs when neutrophils encounter microorganisms, and citrullination of self-proteins, such as histones in rheumatic disease ([@B57]). Immune recognition of these proteins may be further enhanced by their colocalization with extruded DNA, which can act as a potent Toll-like receptor agonist. Likewise, there is an increasingly apparent link between ER stress and neoepitope generation in β-cells. For example, a recent study demonstrated that chemically induced ER stress generates sufficient cytosolic Ca^2+^ to activate TTG2 to modify self-peptides ([@B25]). As PAD enzymes are also calcium dependent, it seems probable that protein citrullination would also be upregulated in response to ER stress. Likewise, an inflammatory cytokine milieu (as would be expected to be generated in response to pathogens or early autoreactive responses to a primary autoantigen) would be sufficient to elicit alternative splicing of β-cell proteins ([@B38]) and translation of DRiPs ([@B43]). These data, then, support the hypothesis that interactions between environmental insults and the unique physiology of β-cells contribute to the generation of modified autoantigens ([@B58]), providing a mechanism by which modified self-peptides may arise and provoke autoimmunity.

![Mechanisms of neoepitope formation. The formation of neoepitopes arises as a consequence of various types of insults that generate ER stress, ROS, and/or inflammatory cytokines in the affected tissue. These stresses elicit posttranscriptional (including alternative splicing and DRiP) and posttranslational (both enzymatic and nonenzymatic) processes that lead to the generation and release of neoepitopes with altered immunogenicity that can be presented to autoreactive T cells by APCs or recognized by autoreactive B cells, which have escaped negative selection in the thymus and bone marrow. These autoreactive cells become activated and carry out autoimmune effector functions, perhaps leading to additional inflammation, further release of self-epitopes, and an expansion and acceleration of autoimmunity. DC, dendritic cell.](dbi170030f1){#F1}

Single Nucleotide Polymorphism Can Influence PTM {#s20}
================================================

Recent advances in next-generation sequencing technologies and proteomics have yielded a wealth of data for both single nucleotide polymorphisms (SNPs) and PTMs. Although available data are distributed across a number of different databases, researchers can now match genome-wide association study data sets with PTM-SNP databases in an effort to identify PTM-related effects of disease-associated SNPs ([@B59]). This approach may provide insights into unveiling new PTMs related to disease and potentially finding novel disease biomarkers.

Environmental Factors and PTMs {#s21}
==============================

Multiple environmental factors are thought to play a role in the sequence of events leading to T1D. Factors that have been implicated include viral, microbial, diet-related, anthropometric, and psychosocial factors. In particular, viruses have been shown to cause diabetes in animal models either by directly infecting and destroying β-cells or by triggering an autoimmune attack against these cells ([@B60]). Likewise, proof-of-concept studies conducted in NOD mice suggest that changes in the composition of intestinal microbiota prevent or reduce the incidence of disease ([@B61]). Some evidence suggests direct links between infectious pathogens and the initiation of protein modification and neoepitope formation. Analogous to host-derived proteolysis and PTMs of self-proteins, microbes are also a source of proteases and modifying enzymes that can contribute to the generation of neoepitopes ([@B62]). Furthermore, the physiological stress that is induced by environmental factors such as viral infection may enhance neoantigen formation, contributing to the loss of peripheral tolerance and hastening disease onset ([@B63]). Ongoing observational cohort studies, such as The Environmental Determinants of Diabetes in the Young (TEDDY) study, aim to identify environmental determinants that may trigger islet autoimmunity and either accelerate or slow progression in subjects with evidence of islet autoimmunity.

A Role for Neoepitopes in T1D Pathogenesis {#s22}
==========================================

There is a general consensus that the pathogenesis of T1D is initiated when individuals who possess a high level of genetic risk (e.g., susceptible HLA, insulin VNTR, PTPN22 genotypes) are exposed to environmental factors (e.g., enteroviruses, diet, microbiome) that precipitate a loss of tolerance that manifests through the appearance of insulin and/or GAD autoantibodies. This early autoimmunity is followed by epitope spreading, increasing both the number of antigenic targets and the diversity of epitopes within these targets. These processes create a feed-forward loop antigen release that induces increasing inflammation and increasing numbers of distinct T-cell specificities ([@B64]). The formation and recognition of neoepitopes represents one mechanism through which epitope spreading can occur. Indeed, published studies have demonstrated increased immunogenicity of β-cell peptides following oxidative or enzymatic PTM. Nevertheless, in spite of recent data supporting the presence of T cells that recognize various classes of neoepitopes, the stage of disease during which such epitopes are recognized remains unclear, mainly due to a lack of longitudinal data sets. As depicted in [Fig. 2](#F2){ref-type="fig"}, mechanisms related to neoepitope formation and recognition can be envisioned at multiple stages of T1D pathogenesis. At the level of genetic risk, susceptible individuals may exhibit a genetically driven impairment of their stress response, increasing the likelihood of neoepitope formation. At the level of environmental exposure, many of the insults that are thought to initiate T1D are known to cause neoepitope formation. During the window of β-cell destruction that encompasses early autoimmunity through dysglycemia and diagnosis of T1D it remains unclear when neoepitope responses appear in relation to "classic" responses to insulin and GAD65. However, by the time of onset, neoepitope responses are clearly present and remain as part of the ongoing autoimmunity that is present during established T1D.

![Roles for neoepitopes in T1D pathogenesis. Neoepitopes can be envisioned to play a role at multiple stages of T1D pathogenesis. *A*: Genetic risk may confer an impaired response, increasing neoepitope formation. *B*: Environmental insults may cause neoepitope formation. *C*: Early autoimmunity may include neoepitope responses in addition to responses to insulin and GAD65. *D*: Progression to dysglycemia is likely to include the emergence of new classes of neoepitope responses. *E*: Neoepitope responses are clearly present as part of ongoing autoimmunity that is present during established T1D. Aab, autoantibody; Ins, insulin; Neo, neoepitope.](dbi170030f2){#F2}

Conclusions {#s23}
===========

In instances of stress and inflammation, neoepitopes can arise and have been linked with autoimmunity of T1D and key examples from other autoimmune syndromes. In particular, inflammatory cytokine stress and/or ROS-mediated stress triggers a number of both direct and indirect biochemical pathways leading to the generation of neoantigenic epitopes. Direct effects include the presentation of novel PTM determinants on HLA class I or II by APCs. PTMs may also directly affect the biochemical processing of self-proteins, ultimately altering both negative selection and the autoimmune B- and T-cell repertoire. PTMs may directly break B- or T-cell tolerance but indirectly initiate mechanisms of epitope spreading to other self-proteins over the progression of disease. For example, B-cell responses that originate to PTM self-proteins often spread in an intra- and intermolecular manner to include determinants associated with the original antigenic stimulus. More indirect effects of modifications include those found to alter DNA methylation or histone acetylation/methylation and chromatin structure, leading to downstream changes in gene expression. As we noted, these indirect effects are most often amplified by inflammation in the pancreatic islets. Other direct effects may include neoepitope generation through novel mechanisms such as DRiP formation and alternative splicing. Other indirect effects include PTMs of β-cell proteins that may lead to downstream alterations in insulin biogenesis. The ultimate product of both direct and indirect generation of neoepitopes is an accumulation of robust and diverse autoimmune B- and T-cell responses, accelerating the pathological destruction of pancreatic islets. Clearly, the emergence of sophisticated methods of tissue and single-cell proteomics will identify novel neoepitopes, including some that occur at near the earliest stages of disease. A detailed mechanistic understanding of the pathways that lead to specific classes of neoepitopes will certainly suggest targets of therapeutic manipulation and intervention that would be hoped to impede the progression of disease.
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